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ERRORS  IN  THL  TRAIL  RESULTING  FRO?<  IGNORING  EITHER  THE 

MggnfWpJTFS  ffLTGHT  OR  JW  MF^^rn^vn  RAWK 


Abstract 


,"v 


^  Expressions  for  the  errors  in  the  trail,  range,  deflection  and 
time  of  flight  resulting  from  ignoring  either  the  measured  time  of 
flight  or  the  measured  range  are  deduced.  Results  of  calculations 
of  the  resulting  errors  in  trail,  tine  of  flight,  range  and  deflection 
for  the  bomb  M3gA2  are  presented.  The  desirability  of  the  introduction 
of  a  ballistic  coeff*  hosed  on  trolly  1 3  mentioned.  The 

reality  and  the  sources  of  the  discrerancy  between  the  ballistic 
coefficients  deduced  from  range  and  time  of  flight  respectively  are 
discussed. 


Two  different  procedures  have  been  used  to  determine 
the  trail  of  a  bomb  from  observations  on  certain  elements 
of  its  trajectory.  One  of  these  procedures,  designated 
by  Procedure  A,  uses  measurements  of  the  ran*?©  and  ignores 
the  measured  tine  of  flight.  The  other  procedure, 
designated  by  B,  uses  measurements  of  the  time  of  flight 
and  ignores  the  range.  In  the  following  we  shall  not 
attempt  to  describe  the  complicated  methods  actually  used 
but  for  the  sake  of  clarity  and  brevity  shall  describe 
other  procedures  theoretically  simpler  which  might  be 
used  for  the  determination  of  the  trail  from  observations 
on  the  range  or  the  tine  of  flight.* 


•  Although  the  methods  to  be  described  are  simpler  in  theory  than 
those  actually  used,  they  are  much  more  laborious  in  practice. 


This  document'  has  been  approved  for  public  release 
and  sale,;,  its  distribution  is  unlimited* 


We  adopt  a  coordinate  system  fixed  with  respect  to 
the  earth  with  origin  at  the  vertical  projection  of  the 
airplane  on  the  ground  and  with  the  vector  ground  speed 
as  the  X  axis*  (See  Fig*  1). 


AtBPLAMt  AT  INSTANT  OF  QtLtASt 


We  adopt  symbols  as  follows. 

C  =  ballistic  coefficient  determined  from  x  . 

A 

C^.  =  ballistic  coefficient  determined  from  t  . 

tw  =  time  of  flight  under  ballistic  table  conditions. 

u  *  resultant  air  speed. 

ux  as  range  component  of  air  speed. 


u  «»  deflection  component  of  air  sueed. 
v  «  ground  speed. 

xw  *  range  under  ballistic  table  conditions. 

*«b  =  ranSe  under  bombing  table  conditions. 

x  .  »  range  under  bombing  table  conditions  using  data 
•  obtained  by  Procedure  A. 

xwB  *  ran£e  under  bombing  tables  conditions  using  data 

obtained  Procedure  B, 

yw  «  altitude  of  airplane  at  release. 

zwb  *  deflection  under  bombing  table  conditions. 

zwA  55  deflection  under  bombing  table  conditions  using 
A  data  obtained  by  Procedure  A. 

*  deflection  under  bombing  table  conditions  using  data 
obtained  by  Procedure  B. 

At  =  error  in  tw  . 

Ax  =:  error  in  x#1  . 

u) 

Az  a  error  in  z^.  ,} 

A\  =  error  in  X  . 

X  a  trail  under  bombing  table  conditions. 

X  s  trail  under  bombing  table  conditions  obtained  from 

A  data  of  Procedure  A. 

XR  «  trail  under  bombing  table  conditions  obtained  from 
°  data  of  Procedure  B. 

X  a  x  component  or  range  component  of  X  . 

A 

X  a  z  component  or  deflection  component  of  X  . 
z 

^xA  *  x  comPonent  °**  X^ 

^zA  “  1  coiaPonent  °*  ^A" 

X^g  s  x  component  of  X^. 

X£b  =  z  component  of  Xg. 


Procedure  A 


The  procedure  Is  described  in  the  following.  The 
range  is  obtained  from  direct  measurements  of  the  position 
of  the  airplane  at  the  instant  of  release  and  the  co¬ 
ordinates  of  the  point  of  fall  taken  with  respect  to  the 
earth.  The  range  obtained  in  this  way  is  then  corrected 
to  ballistic  table  conditions.  These  latter  assume  no 
wind,  standard  density  and  temperature  structure  and  no 
rotation  of  the  earth.  The  range  corrected  to  these 
ballistic  table  conditions  is  designated  by  xw  .  The 
ballistic  coefficient  is  determined  from  xw  and  is 

designated  by  Cx#  The  time  of  flight  is  nov?  computed  from 
Cx  and  is  designated  by  tw(Cx).  The  trail  XA  is  then  computed 
by  the  relation 

XA  =  vgVCx*  “  xw  “  ut«(Cx)  -  xu  .  (1) 


Since  there  is  no  wind,  u  =  vg  and  *A  »  X^  # 

In  general,  however,  t^,  ^  tw(Cx) 

since  the  ballistic  coefficient  determined  from  range  C 
differs  from  that  determined  by  the  tine  of  flight, 

Let  A t  a  tw(Cx)  -  ty  and  let  AX  =  the  error  in  the  trail. 

Since  the  correct  trail  under  both  bombing  table  and 
ballistic  table  conditions  is  given  by 

x  “  u  -  Xu 


it  follows  that. 


AX*Xa-X  =  u  tw(Cx)  -utw  =  u  At.  (2) 


Suppose  that  bombs  are  subsequently  dropped,  under 

bombing  table  conditions  with  X  and  t  (c  )  as  determined 

a  x 

by  Procedure  A.  The  bombing  table  conditions  assume  a 
standard  density  and  temperature  structure  and  no  rotation 
of  the  earth.  The  wind  is  constant  in  intensity  and  direction 
but  not  necessarily  zero.  The  air  speed,  u,  is  assumed  to 
be  equal  to  that  obtained  when  the  trailXA  was  determined 

and  of  course  the  altitude  yw  is  the  same.  The  air  speed,  u, 


1 


makes  an  angle,  cpf  with  the  ground  speed  as  shown 

Fig.  2.  The  angle  q>  Is  the  azimuth  of  the  trail  and 
the  stated  conditions  is  equal  tD  v  the  drift  angle, 
correct  range  under  standard  bombing  conditions,  xw^, 
given  by 


4> 

t 


Fig.  2 


xwb  =  vgtu  *  x  008  <P  . 

while  the  range,  xw,,  obtained  by  using  XA  and  tu(C  ) 
be 

! 

X(iiA  “  XA  C06Cp  =  Vg(t<-  +  At)  "  (X  * 

from  (2) • 


In 

under 

The 

is 


-  X 


will 


uAt  )cosqp 
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Hence  the  error  in  the  range,  Ax,  from  using  Procedure  A 

is 

Ax  a  XWA  -  x^b  «  vg(tw+  At  -  t W)-(X  +  uAt  -  X ) coscp 


a  VgAt  -  UAtCOSp  S  At(Vg  -  Ux)  a  At^x 

where  ux  is  the  x  oomponent  of  u  and  irx  is  the  x  component 

of  the  constant  wind,,  If  the  ground  speed  is  equal  to  the 
air  speed  component,  ux, 

Ax  =  0. 

In  other  words  although  Procedure  A  produces  errors 
both  in  twand  X,  the  resultant  range  will  be  correct  unless 

Vg  ^  V 

The  deflection  under  bombing  table  conditions,  z^,  is 
given  by  D 

X  sin  v 

while  according  to  Procedure  A  the  deflection  would  be 
ZwA  s  ^a  Bincp  a  uAt)eincp. 

Hence  the  error  in  the  deflection,  Az,  is 

Az  *  (X+uAt)sincp  -  Xsincp  a  uAt  sinqp  a  u  At  «  -  w'wAt 

z  z 

where  u^  is  the  z  component  of  u  and  w2  is  the  z  component 
of  the  oonstant  wind, (see  Fig.  3). 
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Fig.  3 


The  deflection  obtained  by  Procedure  A  will  be  In 
error  unless  At  «  0. 

Procedure  B 

Under  Procedure  B,  the  only  observationally  measured 
element  employed  in  obtain ing^firail  if*  the  time  of  flight, 
reduced  to  ballistic  table  conditions.  The  ballistic 
coefficient,  C^.,  is  calculated  directly  from  the  reduced 

time  of  flight.  It  is  then  assumed  that  the  range  Is  the 
tabular  range  x  (C^)  corresponding  to  C^.,  and  the  trail,  X^, 

is  obtained  by  the  relation 

XB  3  vg  ~  *»  (Ct) 


The  correct  trail  under  the  ballistic  table  conditions* 
for  which  the  range  x(Ct)  is  computed,  is  given  by 


Hence  the  error  in  the  trail  A  X  ie  given  by 

A  X  =  Xy  “  , 

•  Of  course  the  mAgnltudo  of  the  trail  under  standard  ballistic  con¬ 
ditions  is  equal  to  the  magnitude  under  standard  bobbing  conditions 
since  the  magnitude  of  the  trail  depends  upon  the  air  speed  not  the 
ground  speed.  7 


Unci  ,r  bombing  table  conditions,  Ax  the  error  in  the  range 
i6  given  by 

-i  V  " w 

Ax  =  [xu(Ct)  -  xjjoostp  [xw(Ct)-xuJ-S^  . 

The  error  in  deflection  obtained  by  Procedure  B  is 
given  by 

Az  »  - 


A  Correct  Procedure 


[w 


slnqp 


[w 


-# 


A  correct  procedure  is  of  course  to  measure  both  tw 
and  x^.  The  range  and  time  of  flight  thu6  obtained  can  be 

reduced  to  the  values  which  would  have  resulted  under  balliati 
table  conditions  by  removal  of  the  effects  on  range  and  time 
of  flight  due  to  departures  from  standard  ballistic  table 
conditions.  The  trail  under  ballistic  table  conditions  is 
accurately  given  by 


where  the  values  of  x^,  and  tw  are  the  values  of  the  measured 
range  and  time  of  flight  reduced  to  ballistic  table  conditions 

The  trail,  in  a  perfectly  general  sense,  is  the  perpen¬ 
dicular  distance  in  the  horizontal  plane  y  =  0  from  the  point 
of  impact  to  the  vertical  through  the  point  vector  v  t  .  The 

6  fa) 

definition  arises  from  the  phenomenon  noted  by  the  bombardier 
that  the  bomb  in  flight  "trails"  behind  the  vertical  through 
the  bomb  rack. 

In  reducing  the  observations  and  preparing  tables  of 
the  trail  as  a  function  of  altitude  it  is  sometimes  convenient 
to  introduce  a  coordinate  system  moving  with  the  airplane 
as  shown  in  Fig.  4.  In  this  system,  the  trail  is  simply  the 
distance  from  the  Y  axis  to  the  point  of  fall.  The  initial 
velocity  of  the  bomb  is  zero.  At  the  airplane  and,  if 
bombing  table  conditions  hold#at  other  points  of  the 
trujectory  there  is  a  wind  in  this  coordinate  system  equal 
in  magnitude  to  the  airspeed  of  the  airplane  but  opposite 
in  direction.  If  bombing  table  conditions  do  not  hold,  the 
wind  varies  along  the  trajectory,. 
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srw**  iiw1  'f.  i. 


Fig.  b 

Trajectories  may  be  computed  with  such  a  coordinate 
system,  the  advantages  of  which  will  be  discussed  in  a  report 
to  appear  shortly.  In  such  computations  the  ballistic 
coefficient  which  with  the  observed  atmospheric  structure 
produces  a  trail  equal  in  magnitude  and  direction  to  the 
observed  trail  might  be  called  the  trail  ballistic  coefficient. 
However,  in  general  it  is  impossible  with  a  given  C  to  repro¬ 
duce  exactly  both  the  magnitude  and  direction  of  the  trail. 

This  resulte  either  from  inaccurate  measurements  or  an  in¬ 
adequate  theory  or  a  combination  of  the  two.  For  practical 
purposes  in  the  reduction  of  observations  that  ballistic 
coefficient  which  produces  a  trail  under  the  observed 
meteorological  structure  and  initial  conditions  equal  in 
magnitude  to  the  component  of  the  observed  trail  in  a 
direction  determined  by  the  wind  structure  is  called  the 
trail  ballistic  coefficient  and  is  designated  by  . 
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A  direct  inference  of  can  be  made  from  a  measured 

trail  most  conveniently  from  a  table  of  Xae  a  function  of 
u,  ytf  and  C*  Such  a  table  is  being  prepared  and  will  be 


employed  during  the  bomb  test  firing  program  at  Aberdeen 
Proving  Ground  during  the  current  year.  In  lieu  of  such  a 
table,  several  equi spaced  values  of  X  as  a  function  of 
u,  y^  end  0  can  be  constructed  from  existing  tables  of 

x  and  t  from  which  the  value  of  C\  can  be  determined  by 

01  ii  A 

inverse  interpolation  for  any  particular  observed  case. 

As  a  convenient  and  accurate  approximation  derivable  from 
theory,  accurate  to  within  the  individual  probable  error 
of  one  determination  of  Cx  it  has  been  found  that 


2CxCt 


The  trail  ballistic  coefficient,  once  determined 
from  observations,  can  be  employed  as  argument  in  enter¬ 
ing  a  .table  of  trail  angles  in  the  construction  of  bombing 
tables,  thus  obviating  the  laborious  construction  of 
separate  ranges  and  tines  of  flight  as  functions  of  the 
Cx  and  Ct  inferred  from  observation.  A  table  of  this  kind, 

as  one  of  a  series  of  "Bomb  Ballistic  Auxiliary  Tables*  is 
beinr:  prepared,  and  the  method  is  being  currently  employed 
in  the  production  of  bombing  tables  at  Aberdeen  Proving 
Ground . 


A  plot  of  Cx  vs  ^  for  the  bomb  L13SA2  is  shown  on 
plot  2. 


NUMERICAL  EXAMPLES 


Table  I  shows  the  values  of  AX  ,  At,  Ax  and  Az  the  errors 
under  bombing  table  conditions  in  the  trail,  time  of  flight, 
range  and  deflection  respectively  for  the  bomb  M3SA2  for 
various  conditions  when  the  trail  is  determined  by  Procedure  A;' 
The  values  of  C^.  and  on  which  these  results  are  based 

are  given  in  plot  1. 
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Table  I 


Errors  of  Procedure  A 
Bomb  MJSA2,  True  Air  Speed  =  170  ol/hr 


Altitude 

Ground 
Speed 
mi /hr 

Range 
Wind 
mi /hr 

Cross 

Wind 

ral/hr 

AX 

ft 

At 

see. 

AX 

ft. 

Az 

ft. 

5000  I 

r  170 

0 

0 

42 

-0.17 

0 

0 

1 

.193.15 

25 

25 

42 

-0.17 

6 

6 

| 

r  170 

0 

0 

57 

-0.23 

0 

0 

15,000 

1 

s 

& 

L  193.15 

25 

25 

57 

-0.23 

f  170 

0 

0 

67 

-0.27 

0 

0 

15,000 

f 

67 

10 

l 193.15 

25 

25 

-O.27 

10 

Table  II  sho^s  the  errorr  under  bombing  table  conditions  in 
trail,  AX  ,  range,  Ax,  and  deflection,  As,  resulting  from 

the  substitution  cf  for  :-pw  -.-coding  to  Procedure  B. 

Table  II 

Errors  of  Procedure  B 


Bomb  M3S  A2,  True  Airspeed  =  170  mi/hr. 


Altitude 

ft. 

Ground 
Speed 
mi /hr. 

Range 
Wind 
mi /hr. 

Cross 

Wind 

mi/hr. 

AX 

ft. 

AX 

ft. 

Az 

ft 

5000  | 

'  170 

0 

0 

62 

-62 

0 

.  193.15 

25 

25 

62 

-61 

9 

r  170 

0 

0 

72 

-72 

0 

10,000  < 

1 

,  193.15 

25 

25 

72 

-71 

11 

r  170 

0 

0 

76 

-76 

0 

15,000  i 

76 

1 193.15 

25 

25 

-75 

11 
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Discrepancy  botreen  andCvl  Sources  of  Discrepancy 

b  a 

It  has  been  found  by  comparison  of  the  experimental 
results  for  the  firing  programs  of  three  bombs* **  at  Aberdeen 
Proving  Ground,  that  the  difference  between  Ct  and  C  is  in 
general  several  tines  the  experimental  error,  x 

In  the  reduction  of  the  observations  care  has  been 
taken  to  eliminate  the  Important  systematic  errors,  While 
it  is  realized  that  some  systematic  errors  remain,  it 
appears  that  their  magnitude  should  be  much  too  small  to 
account  for  the  observed  discrepancy  between  C*  and  C 

u  X 

The  problem  of  hitting  a  target  can  evidently  be  solved 
only  if  the  currently  tabulated  trail  angle,  time  of 
flight  and  dropping  angle  correspond  to  the  considerably 
differing  ballistic  coefficients  derived  for  these  elements 
from  experiment. 

It  appears  that  there  are  two  poscible  sources  of 
the  discrepancy  between  C^.  and  Cx.  In  computing  bomb 

trajectories,  the  bomb  is  currently  assumed  to  be  a  particle 
and  the  drag  function  of  that  particle  is  assumed  to* be  the 
Gavre  function,  G^  The  shapes  of  bombs  differ  appreciably 

from  the  flat  Jjased  projectile  with  an  ogive  of  small  radius 
on  which  the  Gavre  function  is  based.  Furthermore,  the  ex¬ 
perimental  difficulties  in  determining  the  drag  at  velocities 
below  900  ft/sec  are  considerable.  For  these  reasons,  it  is 
likely  that  the  drag  function  of  the  ordinary  bomb  differs 
appreciably  from  G^.  The  use  of  an  incorrect  drag  function 

would  of  course  cause  Ct  to  differ  in  general  from  Cx# 

The  bomb  is  not  a  particle.  It  has  not  only  drag  but 
also  a  cross  wind  force.  These  depend  upon  the  angle  of  yaw. 
The  neglect  of  this  dependence  will  cause  the  calculated 
trajectories  to  differ  from  the  observed  ones  and  will 
produce  In  general  a  Ct  different  from  Cx.  In  this  connection 

mention  is  made  of  the  following  Ballistic  Research  Laboratory 
reports, . 

*  Bomb,  Practice,  100  lb.  M38A2, 

Bomb,  Demolition,  1100  lb.  M33. 

Bomb,  Demolition,  2000  lb.  1.(34. 

**  The  suggestion  h&9  been  made  that  there  may  be  e  systematic  plotting 
error.  While  there  doubtless  is  one,  it  should  not  affect  the  measure¬ 
ment  of  the  ground  speed.  The  error  in  the  position  of  the  airplane 
caused  hy  it  is  almost  certainly  far  too  small  to  account  for  the 
discrepancy  between  and  Cx. 
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Title 


No. 

X-^5  Considerations  Regarding  the  Flight  of  Vaned 
Projectiles 

82  Effect  of  Yaw  on  Aircraft  Bombs* 


In  the  reports  listed  no  account  is  taken  of  the  initial 
angular  velocity  of  yaw  which  results  from  the  considerable 
angular  velocity  of  the  tangent  to  the  trajectory.*  Report 
Ho.  82  is  now  being  revised  by  H.  P.  Hitchcock  to  include 
this  effect. 
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However,  Darpas  neglects  the  cross  wind  force  entirely. 
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